Room fumigation has traditionally been performed using formaldehyde. However, recently new methods have been developed, including vaporized hydrogen peroxide (VHP) 
Introduction
In November 2007, construction of a new BSL-3/4 facility was started at SPIEZ LABORATORY (Kümin et al., 2011) . The building was handed over in July 2010 and validation of critical processes guaranteeing containment commenced. Room fumigation proved to be one of the most challenging processes. During the design process formaldehyde room fumigation was regarded as the method of choice. However, local authorities demanded alternative solutions and thus, vaporized hydrogen peroxide (VHP)-based biodecontamination was used. Unfortunately, that decision was taken after designing and installing the HVAC system which required certain amendments during the evaluation and validation of the VHP fumigation.
The VHP technology was developed in the 1980s and commercialized in the early 1990s (Graham & Rickloff, 1992; Heckert et al., 1997; Rickloff & Graham, 1989) . The technology has since become ever more popular and is now used for decontamination of clean rooms, ambulances, large-volume filling rooms, hospital wards, containment facilities, and biological safety cabinets (BSCs) (Fey et al., 2010; Fichet et al., 2004; Heckert et al., 1997; Kokubo et al., 1998; Krause & Riedesel, 2004; Meszaros, 2005; Krishnan et al., 2006) . The process, if setup properly, is rapid, dry, compatible with electronics, and effective at low concentrations and temperatures. Contrary to formaldehyde, VHP produces non-toxic by-products (water and oxygen) and is thus ecologically safer and requires no postprocess neutralization and cleaning. However, it must be said, that the equipment is costly, that fumigation cycles have to be setup individually in sometimes lengthy processes for every room and every situation, and that technical design specifications play an important role in the success of the fumigation.
In this study the authors describe the development of VHP room fumigation cycles and challenges that were overcome during the process using the example of a BSL-4 laboratory unit. Results show that VHP fumigation is a robust and adaptable process and that even seemingly impossible obstacles can be overcome. However, the authors also highlight important factors that should enter the design process of a facility and that may facilitate cycle development for VHP room fumigation.
Materials and Methods

Laboratory
The laboratory was built as a BSL-4 lab, is adjacent to a BSL-3 lab and the corridor of the outer containment barrier, and connects to the chemical shower, storage room, and material transfer lock. The room volume equals 181 m 3 . The lab contained four class II biosafety cabinets, a mobile biocontainment small rodent animal housing, incubators, fridges, freezers, centrifuges, telephone, laptop PC, multi-purpose printer and scanner, microscope, and other routine laboratory equipment (Figure 1 ).
Engineering Setup
The VHP generator (STERIS VHP 1000 ED-S, Steris, Mentor, OH) was centrally located in the mechanical plant room above the laboratory floor. VHP was distributed in the plant room via an insulated (2.5 cm Armaflex AF [Munster, Germany]-only on supply line) polyethylene (PE) pipe system. The connection between the distribution system and the HVAC ductwork of the room (40 cm [diameter] welded stainless steel; equipped with gutter heating and insulated with Armaflex) was achieved with insulated hoses via camlock couplings. Return flow from
Preparation for Room Fumigation
VHP injected into the lab space was collected at the supply air outlets by the DekoJet (Colasit, Spiez, Switzerland). To achieve efficient and uniform distribution of VHP within the fumigation zone, the VHP flow was accelerated from approximately 34 m 3 /h supplied by the generator to a maximum of 2000 m 3 /h, thus creating a "storm in a tea cup." Air flow was controlled by a frequency converter and directed into the lab space by a total of eight outlets using tubes or pipes (Figure 3) . Additionally, the BSCs as well as the cage rack were left running to further enhance VHP distribution and to ensure decontamination of said equipment at the same time. All the electronic and laboratory equipment were left in the lab to determine their compatibility to VHP.
Program Cycle
The following parameters were eventually programmed into the VHP generator for the validation of room fumigation: Dehumidification to 10 mg/l absolute humidity (75 minutes), Conditioning sterilant injection rate 6.5 g 35% H 2 O 2 (Vaprox, Steris, Mentor, OH) per minute (15 minutes), Decontamination injection rate 6.5 g/min (720 minutes), and Aeration 90 minutes. The flow rate was set at 34 m 3 /h for dehumidification and aeration and 32 m 3 /h for conditioning and decontamination. Additionally, the preheater temperature was set at 90ºC while the evaporator temperature was 105ºC. Finally, the gutter heating was turned on and set at 60ºC immediately prior to starting the fumigation cycle. It was turned off prior to the aeration phase. Following aeration with the generator, supply and exhaust dampers were opened and the laboratory purged using the building's HVAC system for 9-12 hours.
Process Control and Monitoring
A PortaSense II Gas Leak Detector (Analytical Technology, Inc., Collegeville, PA) fitted with an H 2 O 2 electrochemical sensor (0-2,000 ppm) was placed in the lab near a window to monitor real-time and log VHP concentration. Lab pressure during the fumigation cycle was monitored using the room pressure probes connected to the building 
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Figure 2
Central location of the VHP generator in the mechanical plant room above the laboratory floor (left). VHP is distributed to the supply air ducts of the individual laboratory suites in the plant room via insulated PE pipes and returned via non-insulated pipes (left and middle). VHP may be collected from the PE pipe distribution system at several points and directed to the supply air ducts via insulated hoses (only couplings shown-middle and right). Supply air ducts were fitted with heating coils from a gutter heating system (not shown) and insulated to avoid condensation (right). 
Sterility Validation
To validate the extent and efficacy of the fumigation process, biological indicator pouches containing >10 6 spores of Geobacillus stearothermophilus dried on stainless steel metal discs sealed in Tyvek (Apex Laboratories, Inc., Farmingdale, NY) were placed, together with the chemical indicators, at different locations (ceilings, walls, floors, corners, and behind, under, and inside of various laboratory equipment, including BSCs and biocontainment rodent cages) within the laboratory (N=110). Two batches of biological indicators (BIs) were used; their lot numbers and D-values (in 2 mg/l gaseous H 2 O 2 ) were H1823 (0.7 min) and H2153 (1.0 min). Upon completion of the fumigation cycle, indicators were retrieved and opened, and the discs were transferred into Spordex culture medium (Steris, Mentor, OH) and incubated at 56ºC. A negative (no disc) and positive (unexposed disc) control were also included. Cultures were observed for bacterial growth for up to 7 days.
Results and Discussion
Cycle Development VHP room fumigation requires a thorough development of fumigation cycles for every room/situation. For this purpose, users are provided with a manual and a cycle development guide which contains the physics behind the process as well as approximately 100 tables listing values to be used with the provided formulas. However, when determining the cycle using the guide, some parameters could not be programmed into the generator (Table 1) . Thus, cycles had to be developed at the start with help from the manufacturer and subsequently by the authors using a simple trial-and-error approach, where cycles were run and results compared with the expected outcome. Table 1 shows a list of cycles used in the process and serves to highlight the complexity of determining a cycle for a given situation, especially when rooms are as complex as the one presented here.
Initially, no part of the VHP distribution system was insulated which, due to the long supply lines (some rooms are 20 m away from the centrally located VHP generator), caused condensation in the supply ducts. This was overcome by insulating first the VHP distribution system as well as the hoses used to connect the distribution with the ventilation system. Later the supply ducts of the HVAC system between the VHP inlets and the room were also insulated in the same manner. However, this proved to be insufficient so a gutter heater system was installed on the stainless steel ducts to pre-heat the stainless steel surface and minimize temperature differences and thus the risk of condensation. Following this, cycle parameters had to be further adapted to allow for complete kill of the biological indicators (log 6 reduction). The challenge was to achieve log 6 reduction in all spots while not seeing any further condensation in the supply lines or the laboratory. This could be achieved only by reducing injection rates and prolonging decontamination time.
Validation
A successful fumigation was defined as having killed all relevant BIs (log 6 reduction) and seeing no condensation either in the supply lines or in the laboratory space itself. To validate the process, these results had to be obtained during three consecutive runs. In addition, several other parameters were monitored during the fumigation runs. First was the surface temperature of the hoses connecting the VHP distribution system and the supply ducts of the HVAC system. The idea was to monitor the preheating of the supply lines during the conditioning phase and thus to get an idea of the presence of condensation in these lines. During cycle development it was observed that a surface temperature of >40ºC at the end of the conditioning phase was sufficient to prevent condensation in the supply lines. This was achieved in all runs with temperatures of 45ºC or higher (data not shown).
Overall five data loggers monitoring room temperature and relative humidity were placed throughout the laboratory and inside equipment such as BSCs and small rodent biocontainment cages. The program cycle is nicely depicted in the curves for relative humidity (Figure 4 ). During the dehumidification phase, relative humidity drops from approximately 55% to just above 40%. Lower values for relative humidity at the start of the conditioning phase would be beneficial to avoid condensation. However, this was difficult to achieve using just the VHP generator as its maximum airflow is 34 m 3 /h and the laboratory has a volume of around 180 m 3 . Nonetheless, these conditions were also found to be sufficient for fumigation in other laboratories. Following the injection of VHP during the conditioning and decontamination phases, an increase of relative humidity over time was observed. It peaked towards the end of the decontamination phase and only slowly decreased during the aeration phase while the room was being purged using the VHP generator alone. This hints at condensation (see also below) inside the room as fumigation of other laboratories at the facility had shown much more pronounced decreases in relative humidity during the aeration phase. Finally, the room was purged of VHP using the building's HVAC system for approximately 9-12 hours to achieve 0.5 ppm, the maximum occupational exposure limit in Switzerland. As all loggers showed roughly the same values over time in all validation runs, it can be assumed that VHP distribution was uniform throughout the laboratory. Temperatures increased on average by approximately 2.5ºC during the course of the fumigation. This increase may be explained in part by the inflow of hot VHP, but also by the equipment running inside the laboratory, such as fridges and freezers. Overall, VHP fumigation was shown to be successfully performed at ambient temperatures. However, an increase in temperature also leads to an increase in room pressure ( Figure 5 ). Reflecting ideal gas laws, an increase of 1ºC results in an increase in room pressure of 347 Pa. With an assumed starting pressure inside the laboratory of approximately -600 Pa (pressure in the exhaust air handling unit, which would be achieved in the 1 List of VHP fumigation cycles used during cycle development and changes implemented in the process. *Aeration using the VHP generator. This was followed by aeration with the building HVAC system for 9-12 hours.
Figure 4
Relative humidity (blue line) and temperature (red line) in the laboratory during fumigation. The logger was placed in the centre of the laboratory and data was collected from the time the laboratory was prepared for fumigation until the end of the process following purge via the HVAC system. The beginning of each cycle phase is depicted with arrows in the diagram. HVAC denominates the time point when exhaust and supply dampers were opened and aeration of the laboratory employing the building's HVAC system was initiated.
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Figure 5
Laboratory pressure during the fumigation process. The red line depicts the negative pressure (axis on the left goes from 0 to -200 Pa), while the green line shows the positive pressure. Initially, the pressure goes more negative as first supply and then exhaust dampers of the HVAC system are closed (arrow on the left). The room pressure turns positive shortly after the start of the decontamination phase and stays positive until the end of the cycle when exhaust and supply dampers are opened again. The fluctuations in room pressure may stem from the DekoJet distributing the VHP inside the laboratory. Also note that pressure fluctuates much more while the DekoJet is running than when it is turned off (arrow on the right). Maximum positive pressure recorded is around 120 Pa. Regardless, no VHP could be detected outside the laboratory during fumigation. laboratory as well, since supply dampers are closed before exhaust dampers), this would lead to positive pressure inside the laboratory during the course of the fumigation. However, the pressure logs did not quite reflect the calculated values, as pressures of up to 120 Pa were monitored. One explanation for this discrepancy may be the use of the DekoJet. Room pressure inside the laboratory was monitored via metal tubes penetrating the ceiling and entering the laboratory space. Pressure in these lines was measured and compared to atmospheric pressure and used to control pressure differences between adjacent rooms. With the DekoJet creating a "storm in a tea cup," strong winds may have blown past the openings of the tubes, thus leading to false measurements. When the DekoJet was turned off during fumigation, room pressure dropped back to roughly the expected values based on the above calculations (data not shown), thus supporting this theory. Regardless of the amount of positive pressure in the laboratory, room fumigation could be performed safely. No H 2 O 2 could be measured in adjacent rooms (data not shown), which was not surprising as these rooms have generally very low leakage (pressure decay of approximately 3 Pa per minute according to the pressure decay test as outlined in the Canadian Biosafety Standards and Guidelines [data not shown]). The peak VHP concentration measured at a central location of the laboratory was 230 ppm (Figure 6 ) and was reached in the latter third of the decontamination phase. The concentration was lower than for other rooms at the facility. Regardless, it was sufficient to kill spores of G. stearothermophilus at 109 out of 110 locations where biological indicators were placed (data not shown). This was not surprising because a VHP concentration of less than 100 ppm was shown to kill spores of G. stearothermophilus (National Homeland Security Research Center, 2005) . The indicator that showed growth had been placed behind a soap bottle in a dispenser. This was accepted, as the bottle could always be removed and surface decontamination performed prior to fumigation. Also, all four BSCs as well as the biocontainment rodent cages and rack were successfully decontaminated when they were left running during fumigation.
Data for VHP concentration during the fumigation cycle did, however, also hint at condensation. Firstly, towards the end of the decontamination phase, the concentration already started to decrease, even though VHP injection continued. Condensation may lead to binding of VHP in the liquid phase and may thus decrease concentration in the air of the laboratory. Secondly, once dampers were opened and purging of the room was done using the building's HVAC system, another small peak appeared as if VHP were injected again. This was possible because condensation may have been resolved and VHP may have entered the room again. The question then arose regarding where in
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Figure 6 VHP concentration recorded in the lab. VHP was first detected shortly after the start of the conditioning phase and reached its peak in the latter third of the decontamination phase. Although VHP continued to be injected until the end of the decontamination phase, the concentration started to decrease. This and the occurrence of a new peak when the laboratory was aerated using the building's HVAC system hinted at the presence of condensation somewhere in the supply lines.
the system the condensation occurred. As no condensation had been observed in the VHP distribution system or in the hoses, it had to be inside either the laboratory or the HVAC ductwork. No visible condensation was observed in the laboratory on the windows or by checking with surveillance cameras during fumigation. Thus, it had to occur inside the HVAC system. To find proof for this assumption, chalk marks were made inside the supply ducts prior to the fumigation and checked following the process. Parts of the chalk were washed down following fumigation (Figure 7) , thus clearly demonstrating condensation. However, it was also noted that the epoxy coating inside the outlet boxes (Figure 3 ) showed blistering and peeling (Figure 7 ), even though it was well cured, having been applied at least 2 years prior to the start of the fumigation experiments. Thus, it seemed more likely that condensation did not occur in the ductwork, but rather that VHP accumulated in the air vents, leading to ever increasing concentrations and finally to condensation. Under normal circumstances, VHP would be collected directly at the air vents and efficiently distributed by the DekoJet. This, however, was hindered by the design of the air vents. They were designed to collect supply air, slow it down, and let it enter the laboratory in a laminar fashion. This, however, diminishes the efficiency of VHP distribution by the DekoJet and over time leads to the effects shown. Obviously, the easiest solution would be to remove the laminar flow diffusers and replace them with standard diffusors. Condensation and damage to the epoxy coating would no longer occur and distribution of VHP would be even more efficient. Also, cycle parameters could be adapted, possibly leading to higher injection rates and certainly much shorter run times. However, choosing the right diffusors for the application is vitally important, as is guaranteeing that equipment in the laboratory, such as BSCs, is not disrupted in any way that may affect its proper performance. Thus, adjustments regarding air flow may also have to be incorporated when changing the design of the air supply and the performance of the safety equipment should be re-qualified. In the case described here, safety equipment most likely may not be affected, as the air inlets appear to be sufficiently distanced from said equipment.
Regardless of the problems encountered with condensation, the process was validated because all three validation runs showed exactly the same results. Additionally, the laboratory has been put into operation and fumigated again, further confirming the above results. Also, even though condensation was observed in the supply air vents and caused damage to the epoxy coating, it could not be seen anywhere else in the fumigation zone. The fact that all electronic equipment in the laboratory remained fully functional further underlines this point. Furthermore, BSCs and the biocontainment rodent cages could also be repeatedly decontaminated when they were left running during the fumigation process. This shows that VHP room fumigation is a versatile and robust process and may be used to efficiently decontaminate even complex laboratory setups.
Conclusions
VHP is a versatile fumigation system which may be adapted to very different technical and architectural setups. However, these points must be kept in mind: (i) condensation in the supply lines needs to be avoided; (ii) condensation inside the fumigation zone needs to be avoided; and (iii) rapid and uniform distribution of VHP inside the fumigation zone is key to a successful fumigation. Condensation may be avoided through the use of dedicated supply lines, insulation, and/or heating of supply lines or ductwork and by adapting cycle parameters. This study also showed that room air outlets may play a crucial role in reducing condensation. Distribution of VHP, on the other hand, may be achieved using simple table-top fans as shown elsewhere (Krishnan et al., 2006) . In this study the authors proposed an alternative approach using a high-velocity air distribution device such as the DekoJet. Its effectiveness was confirmed by the results of the log 6 reduction at all relevant spots tested while at the same time reducing the number of fans needed and thus simplifying the setup of the fumigation.
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Figure 7
Pictures depicting condensation inside the air vents of the laboratory. The picture on the left shows chalk marks inside the supply air outlets being washed down due to the accumulation of condensate during the fumigation. On the right-hand picture blisters in the epoxy coating on the ceiling inside the air vents can be seen. Condensation attacks the epoxy coating eventually destroying it completely.
